glycosides and polymyxin B, hence the self-promoted pathway as proposed for aminoglycosides in P. aeruginosa is thought to be absent. The basis of the self-promoted pathway as proposed for aminoglycosides is their cationic nature. Compounds such as diaminoacetone (DAA), methylglyoxal bis-guanylhydrazone (MGBH) 17, 18 and some topical anaesthetics, e.g. lidocaine, procaine and dibucaine, as well as the antipsychotic drug chlorpromazine (CPZ) 19 significantly enhance the susceptibility of E. coli to various hydrophobic antibacterial agents. The aim of this study was to investigate whether a variety of cationic agents influenced the susceptibility of B. cepacia to antibacterial agents.
Materials and methods

Strains
B. cepacia ATCC 13945 and ATCC 10856 were obtained from the American Type Culture Collection. B. cepacia Cas and D4 were environmental isolates. B. cepacia Per was a non-CF clinical isolate from a patient with bacteraemia. CF isolates were obtained from four CF centres: Children's Hospital of Philadelphia, Toronto Children's Hospital, Columbus Children's Hospital, and Rainbow Babies' and Children's Hospital (Cleveland). Strains were stored at 70°C in glycerol. Mueller-Hinton agar (MHA) and Mueller-Hinton broth (MHB; Difco) were used to culture all strains.
Chemicals
Gentamicin, tobramycin, chloramphenicol, rifampicin, ceftazidime, oxolinic acid and prochlorperazine (PCPZ) were obtained from Sigma (St Louis, MO, USA); nalidixic acid, CPZ, MGBH, 1-(2-pyrimidinyl)piperazine, spermidine, cadaverine, 1,3-DAA and 1N-phenylnaphthylamine (NPN) were obtained from Aldrich (Milwaukee, WI, USA). Azithromycin, amifloxacin and fleroxacin were kindly given by Pfizer Inc. (Groton, CT, USA), Sterling Winthrop (Rensselaer, NY, USA) and Hoffman LaRoche Inc. (Nutley, NJ, USA), respectively. Nalidixic acid, oxolinic acid, amifloxacin and fleroxacin were dissolved in 0.02 M NaOH. Azithromycin, clarithromycin and chloramphenicol were dissolved in small quantities of 95% ethanol, and rifampicin in methanol, and then made up to volume with water.
MIC determination
The standard microtitre broth dilution method as specified by NCCLS 20 in MHB without cation supplementation was used for MIC determination with a final inoculum of 10 5 cfu/mL of exponentially growing cells. Microtitre plates were read after 24 h incubation at 37°C in air. 
Pre-incubation experiments
An inoculum of 10 8 cfu/mL of the selected strain was grown in the presence of the stated cationic compound and washed in 0.9% saline before inoculation of microtitre plates (final concentration 10 5 cfu/mL) for MIC determination.
Permeabilization to NPN
The procedure of Moore & Hancock 15 was used to determine enhancement in permeability of cells to NPN in the presence of the cationic compound. Fluorescence was measured using a F-2000 fluorescence spectrophotometer (Hitachi).
Isolation of outer membrane protein and LPS
To analyse outer membranes for expression of proteins, the organism was grown in MHB and membranes were prepared and analysed by SDS-PAGE as described by Rossouw & Rowbury 21 . LPS was extracted by the smallscale extraction method of Kido et al. 22 The final LPS pellet was dissolved in 100 L distilled water and stored at 7 0°C . The discontinuous gel system of Laemmli 23 was used to separate proteins and LPS on acrylamide gels. The method of Johansson & Skoog 24 was used to silver-stain proteins and the method of Tsai & Frash 25 to silver-stain LPS.
Electron microscopy
Standard techniques were used for thin-section electron microscopy. Bacterial cells were pre-fixed in glutaraldehyde and post-fixed in osmium tetroxide, followed by stepwise ethanol dehydration, and were then suspended in 100% propylene oxide. Samples were embedded in resin, dried, and cut for scanning.
Results
Effect on MIC
CPZ and PCPZ reduced the MIC 50 by at least a factor of four for gentamicin and tobramycin (Table I) . Only a slight effect was seen in the MIC 50 of ceftazidime, while amifloxacin and oxolinic acid MICs were not significantly affected by CPZ or PCPZ. CPZ significantly reduced the MIC of azithromycin (from 128 mg/L to 16 mg/L) but no such effect was seen for clarithromycin or fleroxacin (Table II) . DAA, MGBH, spermidine, 1-(N-pyrimidinyl) piperazine, cadaverine, procaine and lidocaine had no effect on the MIC 50 
Effect of magnesium
Addition of magnesium to the medium with CPZ partially reversed the MIC-decreasing effect of CPZ and PCPZ (Table III) . This indicates that CPZ and PCPZ may bind to the same sites in the outer membrane, i.e. between the highly charged anionic LPS. In order to determine whether the outer membrane permeability effect conferred by CPZ involved a permanent binding site for any of the outer membrane component(s), pre-incubation experiments were carried out. The ability of CPZ to reduce the MIC of gentamicin, tobramycin and ceftazidime in four CF B. cepacia strains was completely abolished when the inoculum (10 5 cfu/mL final concentration) had been incubated with CPZ overnight and then washed with saline, when compared with the control inoculum. This suggests that CPZ binds reversibly to its binding site and can be easily displaced.
Permeabilization to NPN
The fluorescence emission spectrum of the hydrophobic probe NPN with excitation at 350 nm with strain B. cepacia ATCC 13945 as the control sample at 10 8 cfu/mL plus 10 mM NPN exhibited a peak at 433 nm of 172.4 units which moved to a peak at 437 nm of 121.4 units for the test sample containing the same inoculum in the presence of 0.3 mM CPZ, i.e. emission dropped by 51 units accompanied by a shift in the emission wavelength from 433 nm to 437 nm. These data suggest that CPZ reduces the fluorescence of NPN, which is the reverse of what we expected. Addition of DAA instead of CPZ also caused a shift of the emission wavelength to 438 nm with a decrease of emission by 43.6 units as compared with the control sample.
Outer membrane protein and LPS profiles
The outer membrane protein profiles of B. cepacia ATCC 13945 grown in the presence of CPZ (0.3 mM) and the control showed no difference in expression of any of the major outer membrane proteins. SDS-PAGE analysis of LPS from B. cepacia ATCC 13945 showed the presence of heterogenous chain-length LPS; exposure to CPZ (0.3 mM) for 30 min did not cause any major differences in the LPS pattern as compared with the untreated control.
Electron microscopy
Thin-section electron micrographs of B. cepacia ATCC 13945 showed considerable difference between the cells exposed to CPZ (0.3 mM) and the untreated control (Figure 1a and b) . Exposure to CPZ appeared to disrupt the compact, even distribution of the cytoplasmic content to a diffuse and irregular cytoplasm. The cytoplasmic content peeled away from the outer membrane, accompanied by a widening of the periplasmic space area, but no leakage of cytoplasm was observed. Attachment areas between the cytoplasmic and the outer membrane were also noticeable in the CPZ-treated cells but were not seen in the untreated control sample. These structural changes in the presence of CPZ were observed in the majority of the cells.
Discussion
Several agents have been used in attempts to alter the outer membrane permeability of Gram-negative bacteria; 26 these include EDTA and lysozyme, 27 ,28 sodium hexametaphosphate, 29 detergents like SDS 30 and deoxycholate as well as permeabilizing portions of antibiotics like polymyxin B 31, 32 and other compounds containing positively charged amino groups such as spermidine and lysine, 33 DAA and methylglyoxal bis-guanylhydrazone. 18 We have shown in this study that the antipsychotic drugs CPZ and PCPZ appear to alter the permeability of B. cepacia. B. cepacia is naturally resistant to the outer membrane permeabilizing action of EDTA, aminoglycosides and polymyxin B. 15 The mechanism of action of the outer membrane permeabilizers like gentamicin is due to the disruption of an otherwise intact and impermeable LPS layer by cationic binding. 34 Inability of gentamicin and other such compounds to affect B. cepacia permeability suggests that the LPS composition, structure and/or function are distinctly different in B. cepacia compared with that in E. coli and P. aeruginosa. CPZ and PCPZ are also cationic in nature but do not contain amino groups; instead these agents have an -N-CH 3 group which appears as a common active group with respect to the alteration in outer membrane permeability. DAA and MGBH also contain only amino groups which apparently are not effective enough to alter the LPS layer and therefore to alter outer membrane permeability. It is interesting to note that CPZ and PCPZ decreased the MICs of some of the antibacterial agents, namely gentamicin, tobramycin, azithromycin and, partially, ceftazidime, but had no effect on the MICs of rifampicin, chloramphenicol, nalidixic acid and the fluorinated quinolones fleroxacin, amifloxacin and oxolinic acid. As mentioned earlier, gentamicin, tobramycin and azithromycin are also cationic and the synergy seen between these compounds and the phenothiazines CPZ and PCPZ may partly be due to the cationic nature of the former antibiotics which otherwise do not appear to be strong enough to alter permeability. The absence of any effect on the MICs of the hydrophobic 4-quinolones, such as oxolinic acid and amifloxacin, suggests that CPZ and PCPZ do not cause leakage of the phospholipid from the inner layer of the outer membrane into the outer layer where, if present, they would cause partitioning and therefore entry of hydrophobic antibacterial agents such as amifloxacin. Resistance to clarithromycin was also not affected by either CPZ or PCPZ. Structurally, the only difference between azithromycin and clarithromycin is a tertiary amino derivative (-N-CH 3 ) at C-9 in azithromycin which is changed to a 6-O-methyl derivative in clarithromycin; this difference in the side group at C-9 and its associated ionic charge appears to affect significantly its ability to cross the outer membrane.
The morphology of B. cepacia colonies is variable, but mucoid strains are rare. The colonies of the B. cepacia strains used in this study had similar appearance and no mucoid strains were observed. Strain D4, however, is pigmented, producing yellow colonies after 24 h of growth on MHA at 37°C. Growth in the presence of CPZ did not seem to induce/repress any major outer membrane proteins as judged by silver-stained SDS-PAGE, suggesting that the porin permeability pathway is not affected by CPZ. CPZ and local anaesthetics like dibucaine, lidocaine, tetracaine, procaine and imipramine have been observed to induce the production of heat shock proteins DnaK (76 kDa) and GroEL (64 kDa), and other proteins of molecular weight 17, 20 and 21 kDa which are not associated with the heat shock response in E. coli. 35 However, the apparent similarity of the outer membrane protein profiles of the control and the CPZ-treated cells of B. cepacia ATCC 13945 suggests that the above-mentioned induction of proteins does not occur in B. cepacia.
Silver-stained LPS of CPZ-treated B. cepacia ATCC 13945 and the control cells showed similar banding patterns and hence growth in the presence of CPZ did not affect the LPS side-chain lengths. Leakage of LPS from the cells in the presence of CPZ would not be apparent due to the extraction procedure being carried out only on the pellet. This observation is also supported by the electron micrographs which showed a continuous and intact outer membrane structure. In P. aeruginosa, gentamicin, 36 tobramycin, 37 amikacin and dibekacin 38, 39 have been shown to disrupt cell structure severely, causing outer membrane wrinkling and blebbing of vesicles away from the outer membrane, resulting in leakage of cytoplasm. Electron micrographs of CPZ-treated B. cepacia ATCC 13945 cells showed no wrinkling or vesicle blebbing of the outer membrane. Exposure to CPZ induced a widening of the periplasmic space, as the cytoplasmic membrane peeled inwards. Distinct areas that link the cytoplasmic and the outer membrane, i.e. Bayer's junctions, 40 were visible (arrowed in Figure 1b) . Periplasmic space is filled with peptidoglycan chains and various enzymes. Hobot et al. 41 have suggested that this peptidoglycan is highly hydrated and exists as a gel, possibly filling the entire space between the outer and the cytoplasmic membranes, and is probably more extensively cross-linked in the part underlying the outer membrane and less so nearer the cytoplasmic membrane. Bayer 40 showed that in plasmolysed cells of E. coli B the cytoplasmic content separated from the wall. The separation of the outer and cytoplasmic membranes seen in the electron micrographs of CPZtreated cells of B. cepacia ATCC 13945 (Figure 1b) and of B. cepacia D4 suggests that CPZ may cause increased hydration of the peptidoglycan layer and thereby cause the periplasmic space to expand. This hydration would also affect the factors that determine the hydrophobicity coefficients of the periplasmic space which under normal conditions would influence the transport of molecules across the periplasmic space. Even transient changes in the fluidity of the outer membrane in the presence of CPZ may be very significant in altering the permeability process and this aspect needs to be further examined. Absence of the MICreducing effect from cultures that were grown with CPZ and subsequently washed before being used as inoculum suggests that the interaction between CPZ and the outer membrane may well be transient, ionic and completely reversible. Lack of an increase in the fluorescence of the hydrophobic probe NPN suggests that the outer membrane is still fairly intact as far as ionic bridging is concerned even in the presence of CPZ. We are currently investigating other fluorescent probes that are amphiphilic in nature and also resemble CPZ in structure.
Clinical use of CPZ and of PCPZ to enhance the antibiotic susceptibility of B. cepacia to the antibiotics tested here is not yet justified as the concentration of CPZ that was found to decrease the MIC is too high for clinical use. Further work is required to investigate the ability of phenothiazine-containing compounds to increase susceptibility to antibacterials at concentrations effective in vivo against B. cepacia in this context.
